Likelihood-ratio statistics are proposed to test for heterogeneity in nucleotide substitution rate among regions of a DNA sequence. The tests examine three-sequence phylogenies, and two specific tests are proposed: a test to detect rate heterogeneity among genie regions within a sequence, over all evolutionary lineages; and a test to detect rate heterogeneity among regions in a specific evolutionary lineage. Simulations examine the ability of tests to detect a single region that varies in nucleotide substitution rate relative to the remainder of the sequence. A 50-bp region with a fivefold substitution-rate increase can be detected 290% of the time when it is found in all three lineages of the phylogeny, and a 50-bp region of fivefold rate increase can be detected with -70% power when it is found in only one evolutionary lineage. Simulation also examines the effect of transition-and transversion-rate differences. The tests are applied to published DNA sequences. While the tests are powerful, significant results can be difficult to interpret biologically.
Introduction
Detecting variation in nucleotide substitution rates among genie regions is important to molecular evolutionary studies for a number of reasons. First, the detection of rate heterogeneity along a nucleotide sequence may provide clues to sequence function. For example, it has been postulated that there are conserved regions in mitochondrial D-loop DNA and that these regions are functionally important (Shedlock et al. 1992; Dillon and Wright 1993) . Second, the identification of heterogeneous rates among regions may reflect sequence secondary structure. A correlation between substitution rate and putative secondary structure has been found in ribosomal DNA (Vawter and Brown 1993) and in the chloroplast trnV intron (Learn et al. 1992 ). Third, heterogeneous substitution rates among regions may provide evidence of interesting evolutionary phenomena. For example, heterogeneity in estimated substitution rates within protein-coding genes has been cited as evidence for positive selection (Hughes et al. 1990 ) and recombination (Gaut and Clegg 1993) . Useful tests for detecting rate heterogeneity among genie regions should have at least three characteristics. First, tests should be flexible with regard to a priori def-inition of genie regions. In some cases sequences may be partitioned into regions based on functional or structural considerations, and one might want to test those predefined regions for variation in rate. Alternatively, there may be no a priori information regarding the partitioning of sequences. Second, tests should examine sequences in an evolutionary context. Examination in an evolutionary context will allow the characterization of rate phenomena in specific evolutionary lineages and will facilitate comparison of patterns of rate heterogeneity between evolutionary lineages. Third, tests should provide some information concerning the relative substitution rates of genie regions.
Given these three test criteria, we propose simple likelihood-based methods to test for rate heterogeneity among genie regions. These tests are based on comparisons of likelihoods under different models of sequence evolution for a given phylogenetic tree. We use the likelihood ratio (LR) to assess the relative fit of various models to the data, and we characterize LR statistics by using simulated data. Heterogeneity tests are also applied to published DNA sequences.
Methods
In order to simplify evolutionary hypotheses, we will consider only three-sequence phylogenetic trees in this study. There are three possible rooted trees for three sequences, but only the star phylogeny of these three sequences need be considered for maximum likelihood (ML) estimation (Weir 1990, p. 279 length m, and a node D. For simplicity, branches within this star phylogeny are labeled " 1," "2," or "3" ( fig. 1) . Our tests will consist of comparisons of the ML of this star phylogeny under different models of sequence evolution.
Models of Sequence Evolution
In total, we will consider three models of sequence evolution. Under each sequence model, a nucleotide site follows the substitution model of Felsenstein ( 198 1) . This substitution model assumes that nucleotides undergo mutation at the constant rate CL. The probability of no mutation at a nucleotide site after T generation is then ( 1 -CL) =, and the probability p of mutation is p = l-( I-&-= l-ewcLT. Notice that p and Tare confounded; the product v = PTis the branch length. Given that a base mutates, it mutates to base i with constant probability xi, where i represents A, C, G, or T and 2 4 = ini = 1. The probability that a base changes from i to j after time T is
The Xi's are estimated by empirical base frequencies, and nucleotide sites are assumed to evolve independently.
The three models of sequence evolution are as follows:
1. The full model Mf allows substitution rates to vary between different regions of the gene. Sequences A-C are divided into n partitions with the parameter pi, j representing the probability of substitution per site in lineage i and partition j ( fig. 2, top) . In essence, this model is analogous to maximizing the likelihood of n distinct three-sequence star phylogenies, with each phylogeny representing a distinct partition of sequences A-C. The ML of the tree will be denoted "Lf" under this model. We adopt the notation bi,j to represent the estimated probability of substitution per site in branch i and partition j.
2. The lineage models Mi , Adz, and A43 constrain substitution rates to be equal among partitions in lineage i (for the model A4i) but allow them to vary in the other two lineages ( fig. 2, middle) ; that is, the lineage model constrains pi, 1 = pi,2 = pi,3 = l l l = Pi,n in lineage i only. The ML of the tree under model A4i is denoted by " Li . " Thus, the ML is L1 when rates are constant across partition regions in the lineage leading to sequence A (but pi,j can vary with partition region in the other lineages), and so forth.
3. The minimal model A4, constrains substitution rates to be equal among partitions in all three evolu- fig. 2, bottom) ; that is, pi, 1 = pi.2 = pi.3 = . . . = Pi,n in all three lineages. The ML of the tree under this model will be denoted "L,. " Partitions can be chosen on the basis of a priori information about sequences A-C, or they can be chosen to be of equal length m/n (a practice that will be followed in simulations). Although partition boundaries can change between evolutionary lineages in theory, we will consider only cases in which the length and locality of partitions do not vary among sequences A-C. Partitions are not to be confused with a variable region. In this study, the latter refers to a length of sequence with an underlying substitution-rate difference relative to the rest of the nucleotide sequence. In practice, the length, location, and relative-rate difference of variable region ( s ) are unknown.
LR Statistics
Comparisons of the three models of sequence evolution test specific hypotheses. For example, comparison of the full and minimal models provides some indication of regional heterogeneity over the entire three-sequence phylogeny. In particular, the statistic LRO = -2( log L, -log Lf) tests the null hypothesis Representation of the full model Mp to sequence A. Similarly, LRL2 = -2( log L2 -log LJ) tests the hypothesis that there is substitution-rate homogeneity among partitions in lineage 2, and LRL3 = -2( log L3 -log LJ) tests the hypothesis that there is substitution-rate homogeneity among partitions in lineage 3. Tests based on comparisons of the full and lineage models of sequence evolution will be referred to as "Zineage tests." The properties of LR statistics ( LRo, LRL 1, LRL2, and LRL3) will be evaluated using simulated data.
Evaluation of the Likelihood
The likelihood of the substitution parameter at a single nucleotide site i for a three-sequence tree can be written
, where a, b, c, and d represent the character state (i.e., A, C, G, or T) at site i in sequences A, B, or C, or node D, respectively ( Felsenstein 198 1) . The likelihood of the substitution parameter for partition j is L(j) = II f= I Z(i), where there are k nucleotide sites in partition j. Under the full model, the likelihood of the tree is the product of the likelihood for partitions: L = ny= 1 L(j) . Partition likelihoods are maximized by Newton-Raphson iteration using Jukes-Cantor distances as initial iterative values (Weir 1990, pp. 56-57) . The variance/covariance matrix for the estimators of parameters pi,i is estimated in the process of Newton-Raphson iteration. Maximization of the likelihood under the minimal model corresponds to maximization under the full model where n = 1 and k = m. The lineage models require maximization both over partitions and over the phylogeny for constrained values of pi,j. Maximization over the phylogeny was achieved by bracketing the maximum of the function and then using a bisection method with parabolic Table 1 interpolation to hill climb (Press et al. 1992 , pp.
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Simulation is based on an ancestral sequence of random base composition and on a Kimura two-parameter model of sequence evolution (Kimura 1980) . Simulated data had transition : transversion (ts: tv) ratios of either 1.0 or 5.0. Notice that the model for simulation differs from the substitution model used to construct test statistics; this difference will help evaluate the robustness of tests when substitution-model assumptions are violated. Power studies are based on 1,000 simulated data sets in which each sequence is 1,000 bp in length. For each data set one variable region of known size was designated to have either a twofold-or fivefold-greater substitution rate than did the rest of the sequence. The position of the variable region varied randomly in the nucleotide sequence in each repetition. Depending on the simulation parameters (see Results), the variable region either was found in the same location in all three lineages or was found solely in one lineage. The former case (variable region in all three lineages) may correspond to cases in which there is functional constraint on a region; the latter case (variable region in one lineage) may correspond either to lineage specific events or to the residual artifacts of recombination (see Discussion). Partitions are of equal size in all simulations.
Results
Overall Test Null Distribution
LRO is asymptotically x2 distributed with 3n -3 degrees of freedom under the null hypothesis. However, in practice L& may deviate from a x2 distribution. We examined the null distribution of LRO under different branch and partition lengths with ts: tv = 0.0. Table 1 provides branch lengths for the trees examined (where branch lengths are given as (a + 2P)t, where a and p are Kimura's ( 1980) transition and transversion parameters and t is time) and also provides x.2 goodness-of-fit statistics for the fit of the LR statistic to tabulated x2 values (Boos and Brownie 1989) . It is clear that branch and partition lengths affect the distribution of LRO under the null. In particular, LRO does not follow a x2 distribution when partition sizes are small (~25 bp). As expected, the null distribution is also a function of branch lengths; short branch lengths require larger partition sizes.
Power
The power of the overall test was examined by varying partition size, variable-region length, ts: tv ratio, and the length, distribution, and magnitude of a variable region. In all cases, power is reported at a significance level of 0.05, and data are simulated under tree A (table  1) . Under tree A, branch lengths are 0.25, 0.15, and 0.15 for lineages 1, 2, and 3, respectively. Figure 3A plots the power of the overaIl test when the ts: tv ratio is 2.0 and when the location and magnitude of the variable region are conserved in ail three branches. It is clear that the overall test has little power to detect twofold rate differences between partitions under these conditions. For example, power approaches only 0.60 when the variable region is 100 bp in length. However, the test has more power to detect rate heterogeneity when rate variation between regions is fivefold; variable regions a.50 bp in length can be detected with 290% power.
Power clearly depends on partition size. Optimal partition size varies with the length of the variable region. For example, when variable regions are short (25 bp), power is highest for 25-bp and 50-bp partition sizes. In general, partition sizes of 50 bp result in consistently high power, relative to tests using different partition sizes. Partition sizes of 25 bp and 100 bp also perform relatively well under tested conditions, but the reduction in power for a given variable-region size can be quite dramatic when 250-bp partition sizes are used. Figure 3B presents power curves when the ts: tv ratio is 5.0 and when the variable region is again conserved in locality and magnitude in all three branches. The power of the overall test varies very little when ts:tv ratios are in the range 2.0-5.0. More extreme ts:tv ratios may diminish the power of the test, but power is expected to remain high over a broad range of ts : tv ratios. Figure 3C and D plots the power of the overall test when there is a variable region in only one evolutionary lineage. In these simulations, one variable region of known size was placed in branch 3 (branch length v = 0.15 ) . Power to detect heterogeneity in only one lineage is much reduced relative to power to detect hetero- geneity present in all lineages. Again, ts: tv ratios of 2.0 versus 2.5 have little impact on power.
Lineage Tests Null Distribution
Under a null hypothesis of rate homogeneity in a lineage, LR,_i ( i refers to lineage 1,2, or 3) should follow a x2 distribution with n -1 degrees of freedom. Table 2 provides x2 goodness-of-fit statistics for LRL 1 , LRL2 , and LRL3 to tabulated x2 values ( Boos and Brownie 1989) . In these simulations, the LR does not follow a x2 distribution when partition sizes are small ( 25 bp) . This is also true with 50-bp partitions when all lineages have equivalent branch lengths (tree B) or when all branches are short (tree C). However, LRLi are approximately x2 distributed when partition sizes are a.50 bp for trees A and D, and LRLi generally appears to follow a x2 distribution when partition sizes are large ( loo-250 bp) .
Power
The power of the lineage test was examined under the same conditions as the overall test (except that 25-bp partitions were not examined because of strong departures from the x2 distribution under the null). Figure  4 represents the power of the lineage test for a single lineage of branch length 0.15. In figure 4A the variable region is conserved in all three lineages, and the ts:tv ratio is 2.0. Figure 4B represents the result of power studies when the variable region is conserved in all three lineages and when the trv : trs ratio is 5.0. In both cases, the lineage test is generally less powerful than the overall test in detecting rate heterogeneity among partitions. Figure 4C and 4 D reports the power of the lineage test when there is a variable region in only one evolutionary lineage. The lineage test is reasonably powerful when there is rate heterogeneity along only one sequence. In those cases where there is a variable region in only one sequence, the lineage test detects a 50-bp region of fivefold rate difference almost 70% of the time. A lOObp region with fivefold rate difference is detected >90% of the time. When the variable region is found in only one lineage, the lineage test outperforms the overall test. Increasing the ts: tv ratio to 5.0 ( fig. 40 ) has relatively little impact on the power of the test.
Examples
Internal Transcribed Spacer (ITS) Region
The ITS region of nuclear ribosomal DNA has become a region of intense interest for systematic study (Gonzalez et al., 1990; Lee and Taylor 1992; Baldwin 1992; Hahn et al. 1993; Kuzoff et al. 1993) . The ITS region consists of the 5.8s rDNA gene flanked by ITS1 ( ITS 1) and ITS2 ( ITS2 ) (fig. 5 ) . The application of LR heterogeneity tests will be illustrated using ITS region sequences from three taxa in the Compositae family of plants: Raillardiopsis murii, Wilkesia gymnoxiphium, and Hulsea algida (Baldwin 1992) . Branch lengths leading to the R. murii, W. gymnoxiphium, and H. algida sequences are estimated to be 0.05,0.07, and 0.16, respectively, under the minimal model.
The first question is, Is there heterogeneity in the ITS region as a whole? Because of functional constraints, one expects the 5.8s region to evolve more slowly than either ITS1 or ITS2. Table 3 presents the results of LR heterogeneity tests with different partitions sizes; as expetted, test results are significant. It should be noted that the three 208bp partitions coincide closely with the ITSl, ITS2, and 5.8s region boundaries and, thus, correspond roughly to partitions that might be chosen on the basis of a priori knowledge of the ITS region.
Given heterogeneity in a lineage, it is of interest to know which partitions are evolving relatively quickly and which are evolving relatively gowly. Likelihood estimation provides both $i,, and Var(pi,i) for each partition in each lineage. By appealing to the asymptotic normality of ML estimators, we can construct Z-tests to compare substitution rates between any two partitions within a lineage. Comparison of ci,j's for all pairs of partitions within a lineage suggests that (i) the 5.8s region is evolving significantly slower than either ITS1 or ITS2 in the H. algida lineage (Z-tests: ~~0.01 for 5.8s vs. ITSl; andpG0.01 for 5.8s vs. ITS2) and (ii) the 5.8s region is evolving more slowly than the ITS1 region in both the R. murii and W. gymnoxiphium lineages (Ztests: p&O.0 1 for R. murii; and ~~0.0 1 for W. gymnoxiphium). While Z-tests provide strong evidence for differences in rates between partitions, caution must be used in interpretation, because LR statistics and Z-statistics are correlated. This correlation requires adjustment of significance levels for Z-tests; at present the magnitude of this adjustment is unclear.
LR heterogeneity tests suggest that the 5.8s region evolves slowly relative to ITS1 and ITS2; but this result was not unexpected. We now turn to a more interesting question: Is there regional heterogeneity within ITS 1 and ITS2? After deletion of the 5.8s region from the nucleotide sequences, examination of the three ITS region sequences suggests that there is indeed heterogeneity within ITS1 and ITS2 ( Robertson ( 1993 ) surveyed the distribution of mariner elements within eight orders of insects. Many mariner sequences contain frameshift mutations, suggesting that the sequences represent pseudogenes. Providing that these elements have been pseudogenes for some time, one would not expect rate heterogeneity between regions. We have chosen three of these pseudogene sequences for analysis: Ceratoma trifurcata 11.1, Anopheles gambiae 22.3, and Hyalophora crecopia 1.3. Branch lengths leading to the three sequences are estimated to be 0.24,O. 17, and 0.12, respectively, under the minimal model. LR heterogeneity tests on these sequences do not detect rate heterogeneity among partitions (table 3 ) .
Discussion
We describe two LR statistics (L& and LRLi) to test for rate heterogeneity among genie regions. The properties of LR statistics are investigated with simulated data. LR statistics are not x2 distributed when partition sizes are small (~25 bp) and/or when branch lengths are short. These considerations necessitate caution in applying lineage tests with short branch and partition lengths. In general, tests can be applied to well-diverged sequences with partitions as short as 50 bp.
Simulations suggest that overall and lineage tests are powerful. Randomly placed variable regions of 50 bp with fivefold rate difference can be detected 290% of the time when the variable region is conserved in all three lineages. Rate variation that is limited to one lineage is also detected relatively well: a region of 50 bp with fivefold rate variation can be detected -80% of the time. Clearly, the power of these tests increases when (i) the length of variable regions increase, (ii) rate differences between variable regions and the rest of the sequence increase, (iii) the number of variable regions increases, and (iv) branch lengths increase. The power of LR heterogeneity tests will also increase in the presence of accurate a priori information about variable regions, because power will increase when partitions coincide with variable regions. On the other hand, power will decrease with branch lengths shorter than those used in simulations.
LR heterogeneity tests may be most informative when overall and lineage tests are applied in tandem. For example, when LRO is significant but LRLi are not, this documents some regional heterogeneity within the three sequences, but without localization to a particular lineage. On the other hand, significant lineage tests with a significant overall test allows some localization of heterogeneity effects to particular lineages. Last, a nonsignificant overall test with significant lineage tests strongly suggests that rate heterogeneity is limited to particular lineages. It should be noted that overall and lineage tests Detecting Rate Heterogeneity among Genie Regions 627
are not independent; as a result, P values for individual tests should not be taken as strictly correct. The researcher may want to account for this problem by increasing the stringency of the significance level. Application of heterogeneity tests to ITS-region data suggests that there is rate heterogeneity among ITSl, ITS2, and the 5.8s rDNA gene. There is also regional heterogeneity within ITS 1 and ITS2. If rate heterogeneity is a general property of ITS-region sequences, it necessitates caution in phylogenetic inference, because most phylogeny algorithms perform poorly when substitution rates vary among nucleotide sites. Parsimony and compatability methods perform particularly poorly under these conditions (Kuhner and Felsenstein 1994) . Appropriate phylogenetic analysis of ITS-region data may require a tree-building methodology that explicitly considers rate variation among nucleotide sites (Yang 1993) .
The biological implications of a significant LR heterogeneity test are not always clear. It is relatively easy to argue that heterogeneity between the 5.8s gene, ITS 1, and ITS2 is a consequence of functional constraint on the 5.8s gene, because there is strong evidence that the 5.8s gene has reduced substitution rates in all three lineages examined. However, the biological forces contributing to heterogeneity within ITS 1 and ITS2 regions are less easily interpreted. Heterogeneity within ITS1 and ITS2 may be a result of constraint on function in regions of the Hulsea algida lineage or may reflect, perhaps, constraint in all three lineages. (Indeed, partitions found to be slow or fast, respectively, in the H. algida lineage also appear to be slow or fast in the Wilkesia gymnoxiphium and Raillardiopsis murii lineages.) Heterogeneity within ITS1 and ITS2 could also be a function of re- LR heterogeneity tests should be able to detect recombination and gene-conversion events. Consider hypothetical sequences A, B, C, and P, with a recombination event between sequences P and A resulting in the donation of the 5' region of P to A ( fig. 6A ). LR heterogeneity tests partitioning the 5 ' and 3 ' regions of sequences A-C should detect heterogeneity, because branch lengths of the star phylogeny of sequences A-C will differ with partition. For example, the phylogeny of the 5' region of the sequences will have a very long branch length to sequence A ( fig. 6B ), but the 3' half of the gene will have a short branch to sequence A ( fig.  6C ). Branch lengths to sequences B and C will also vary by 5' and 3' region. These variations in branch lengths may lead to both a significant overall test and significant lineage tests, but the lineage test will be most powerful for the lineage leading to sequence A.
The power to detect recombination or conversion will vary with the distance between parent and donor sequence. For example, recombination or conversion might be detected between sequence C and sequence A, but power to detect this event will be less than the power to detect recombination between sequences A and P. If substitution rates are assumed to be equal in lineages, a recombination or conversion event between sequences A and B cannot be detected. The detection of recombination or conversion by LR heterogeneity tests further confounds biological interpretation of significant test results. However, LR heterogeneity tests are best suited for well-diverged sequences where recombination may be uncommon (but see Huttley et al., submitted) . In general, LR heterogeneity tests will be most useful for detecting evolutionarily constrained regions. There are a number of drawbacks to both the method and the study. First, this approach depends on a priori assignment of partitions; that is, the method requires partition assignment prior to analysis, making accurate assessment of regional boundaries impossible. Other techniques to detect variable regions allow partitioning based on observed clusters of change boundaries (Brown and Clegg 1982; Stephens 1985; Pesole et al. 1992) . However, these approaches do not correct for multiple hits (also see Kelly 199 1; Lauder et al. 1993) , and thus they may lack power to detect rate heterogeneity among regions, especially for highly diverged sequences. No power studies have been performed for any methods cited above.
A second drawback is that simulation conditions are relatively simplistic. For example, simulated variable regions have discrete boundaries; in reality, substitution rates of nucleotide sites in variable regions might be expected to follow a distribution of rates. Simulation in nonvariable-sequence regions is also relatively simplistic. Empirical studies suggest that sites within sequences fall into different rate classes and that different sites may vary in different lineages (Fitch 1986 ). None of these empirical observations were incorporated into simulations, and it is not clear how such phenomena might affect regional heterogeneity tests. However, LR heterogeneity tests are insensitive to variable regions of < 10 bp (data not shown), and hence it is thought that different rate classes will not strongly affect regional heterogeneity tests unless rate classes are spatially clustered.
Third, this method has not been formulated for coding sequences. The simplest modification for coding sequences is to test first-, second-, and third-position data separately. More sophisticated applications to coding regions require substitution models that consider both synonymous and nonsynonoymous substitution rates (Muse and Gaut, submitted) .
Last, this study applies only to three-sequence star phylogenies. However, this approach should generalize to larger phylogenies. However, that application to larger phylogenies is dependent on an assumed topology. When there is significant substitution-rates heterogeneity between nucleotide sites, the phylogeny itself may be in question, as most tree-building algorithms perform
Detecting Rate Heterogeneity among Genie Regions 629 poorly when rates vary between nucleotide sites (Kuhner and Felsenstein 1994) . The three-sequence tests described above do not rely on phylogenetic assumptions.
(A program to perform LR heterogeneity tests with three sequences is available from the authors.)
